The major anionic phospholipid, phosphatidylserine (PS), and the neutral phospholipid, phosphatidylethanolamine (PE), are largely confined to the inner leaflet of the plasma membrane bilayer in mammalian cells under normal conditions. This asymmetry is lost when cells undergo apoptosis, become activated, or are exposed to irradiation, reactive oxygen species or certain drugs. It is not known whether exposure of anionic phospholipids (APLs) and PE occurs simultaneously or in the same region of the plasma membrane. Here we examined the coincidence of exposure of APLs and PE on the surface of bovine aortic endothelial cells and NS0 myeloma cells after irradiation. The cells were irradiated (5 Gy) and stained for APLs and PE using liposomes coated with either an Fab′ fragment of a PS-binding antibody (bavituximab) or a PE-binding peptide (duramycin). Using live cell imaging and flow cytometry, we showed that irradiation leads to synchronous externalization of APLs and PE. The time course of appearance of APLs and PE on the cell surface was the same and the two phospholipid types remained colocalized over time. Distinct patches double positive for APLs and PE were visible. Larger areas of APLs and PE appeared to have detached from the cytoskeleton to form membrane blebs which protruded and drifted on the cell surface. We conclude that APLs and PE coincidently appear on the external leaflet of the plasma membrane of cells after irradiation. Probably, this is because PE and the major APL, PS, share common regulatory mechanisms of translocation. j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / b b a m e m
Introduction
The different species of phospholipids are non-homogeneously distributed between the inner and outer leaflets of the eukaryotic plasma membrane. The choline-containing phospholipids, phosphatidylcholine (PC) and sphingomyelin (SM), are segregated to the external leaflet, while the aminophospholipids, phosphatidylserine (PS) and phosphatidylethanolamine (PE), are segregated to the inner leaflet, together with the less abundant phosphatidylinositol (PI) [1] [2] [3] . The cell uses several transporter families to maintain or disrupt the segregation of the phospholipids. Unidirectional, inward transport of phospholipids, from the outer leaflet to the inner leaflet, is performed by aminophospholipid translocases (APTLs). These proteins belong to a group of P-type ATPases, designated P4 ATPases [1, 4, 5] . APTL transport is specific for PS and PE. Based on homology studies, 14 different proteins with this function have been described in mammals [6] . APTLs are ATP and Mg ++ dependent, and inhibited by Ca ++ , vanadate, and sulfhydryl reacting compounds [7] . Unidirectional, outward transport of phospholipids is performed by a multitude of proteins from four families (A, B, D, and G) of the ATP-binding cassette (ABC) group of transporters. The ABC proteins are able the transport a variety of phospholipids, cholesterol, or cytotoxic xenobiotics. Unlike APTLs, the ABC proteins are activated by an increase in intracellular Ca ++ concentration [3, 8, 9] . Bidirectional transport is performed by phospholipid scramblases (PLSCRs). In humans, there are 4 proteins, members of this family, two of them have been extensively studied (PLSCR1 and 3). As with the ABC proteins, the PLSCRs are activated by Ca ++ [10] .
Various cellular events, including cell activation and apoptosis, malignant transformation and cell injury influence the activity of the phospholipid transporters. Increases in intracellular Ca 2+ concentration inhibit the activity of the APTLs and stimulate some of the ABC transporters and the scramblases. This leads to PS exposure on the cell surface. The regulation and the rate of PS expression have been best described in thrombocytes, erythrocytes, and lymphocytes [11, 12] . PS expression on the surface of the plasma membrane is regarded as a hallmark of apoptosis and has been studied in many cell types.
Much less information is available about PE translocation during cell activation or early apoptosis. A reason for this may be the scarcity of good and specific detection systems for discriminating between PE and PS or other phospholipids. Using biochemical labeling it was shown that PE is externalized on the sarcolemma of ischemic cardiomyocytes [13, 14] . Emoto et al. have reported that late apoptotic cells can be stained with a PE-binding antibiotic peptide (Ro09-0198) and that PE is enriched on the surface of apoptotic blebs [15] . Correlations have not been made between the exposure and colocalization of PE and PS on the surface of intact cells after activation or early apoptosis. Most studies use annexin A5, which has an undeserved reputation as a specific marker of PS. Annexin A5 actually recognizes multiple APLs and also PE with similar affinity in the presence of physiological concentrations of calcium [16] [17] [18] [19] . The apparent specificity of annexin A5 for PS probably owes much to the relative abundance of PS in the plasma membrane and the fact that as shown here, it is coordinately exposed along with PE.
In the present study we irradiated cells to induce exposure of APLs and PE and determined whether the two types of phospholipids appear simultaneously and in the same position on the cells. To do this we used two liposomally bound probes that can detect APLs and PE without cross-reactivity. APLs were detected using an Fab′ fragment of an antibody, bavituximab, which uses beta-2 glycoprotein-1 (β2-GP1) as a cofactor for binding [20, 21] . PE was detected using a small antibiotic peptide, duramycin (from Streptoverticillium cinnamoneus) belonging to a family of tetracyclic polypeptides. Peptides from this family have previously been used to detect PE on cell surfaces [22, 23] . We chemically conjugated fluorescent or biotinylated liposomes to Fab′ fragments of bavituximab or to duramycin to provide sensitive and highly specific probes for APLs and PE, respectively.
Using immunohistochemistry and flow cytometry it was shown that, after irradiation, cells expose both APLs and PE coincidently, in a gradually progressing manner. There is a high colocalization of the two markers on the surface of the cells. Membrane blebs which protrude from the cells are highly positive for both types of phospholipids. Additionally, the pattern of exposure and the colocalization is maintained over time, even when the positive domains are moving around on the cell surface. , and lipids for ELISA [phosphatidylcholine (PS), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), and sphingomyelin (SM)] were obtained from Avanti Polar Lipids (Alabaster, AL). Alexa Fluor 594 and Alexa Fluor 700-conjugated streptavidin was obtained from Molecular Probes (Invitrogen, Carlsbad, Ca). Horseradish peroxidase-conjugated streptavidin was obtained from Jackson ImmunoResearch Labs (West Grove, PA). 96-well Immulon-1B microtiter plates were obtained from Thermo LabSystems (Franklin, MA). Glass Bottom culture dish was obtained from MatTek Corporation (Ashland, MA). Adult bovine aortic endothelial cells (ABAE) were obtained from Clonetics (Walkerville, MD). NSO mouse myeloma cells were obtained from Sigma. Sephacryl S-300, and Sephadex G-25 were obtained from Pharmacia Biotech (GE Healthcare, Piscataway, NJ). The liposome extruder and polycarbonate membranes were purchased from Northern Lipids Inc. (Vancouver, British Columbia, Canada). Iodogen and Sulfo-NHS-LC-Biotin was purchased from Pierce (Rockford, IL). 121 I was purchased from Amersham Biosciences (GE Healthcare, Piscataway, NJ).
Antibodies
Bavituximab is a human IgG1 chimeric version of the 3G4 antibody, which was raised to bind PS, as previously described [21] . Bavituximab is produced under serumfree conditions by Peregrine Pharmaceuticals, Inc. (Tustin, CA). Rituxan is a human monoclonal antibody binding human C20 and was obtained from UT Southwestern pharmacy. Recombinant annexin A5 was expressed and purified from E. coli, and biotinylated using Sulfo-NHS-LC-Biotin.
Preparation of antibody fragments (Fab′) and thiolated duramycin
For preparation of Fab′ antibody fragments, the antibodies bavituximab and rituxan were digested with pepsin, and F(ab′) 2 were purified by gel filtration on an S200 column. The F(ab′) 2 fragments were trace-radiolabeled using iodogen, before reduction with dithio threitol (DTT). The reduction reagent was removed by desalting over a Sephadex G-25 column and the fresh Fab′ fragments with free sulphydril were reacted with maleimide-containing liposomes. For thiolation, duramycin was dissolved in 0.1 M NaHCO 3 and reacted with a 3 × excess of 2-iminothiolane (2IT) for 1 h, at 37°C.
Liposome preparation
The liposome probes were coated with PEG in order to assure minimal unspecific binding. The PS-and PE-binding ligands were conjugated on the surface of the liposomes by a thioether bond. A fraction of the liposomal PEG molecules have a maleimide moiety, which reacts with free SH groups of the Fab′ fragment. A similar reaction was done between PEG-maleimide and duramycin thiolated with 2iminothiolane. Conjugation of the Fab′ fragments using a thiol group from the hinge region of the heavy chain did not impede the antigen-binding site. Thiolation and conjugation of the duramycin peptide still allowed it to maintain the PE-binding specificity. The controls of bavituximab liposomes were conjugated to Fab′ fragments Fig. 1 . Bavituximab and duramycin-conjugated liposomes bind to APLs and PE, respectively. The wells of ELISA plates were coated with PS, PI, PE, PC, or SM and incubated with serial dilutions of biotinylated liposomes conjugated to: A) bavituximab; B) duramycin, or incubated with serial dilutions of biotinylated annexin A5 (C). Each compound was detected using HRP-conjugated streptavidin. Bavituximab liposomes bound only to anionic phospholipids PS and PI; duramycin liposomes bound only to PE; annexin A5 bound to PS, PI, and PE. derived from rituxan antibody. For duramycin, the control liposomes were left without any conjugated ligand. For detection purposes, the liposomes were either filled with a fluorescent solution or carried biotin on a fifth of the PEG molecules. Fluorescent liposomes were composed of HSPC:Ch:DSPE-PEG:DSPE-PEG-MAL at 2:1:0.08:0.02 M ratio and filled with 2 mM pyranine solution in HEPES buffer (20 mM HEPES, 150 mM NaCl, pH: 7.4). Biotinylated liposomes were composed of HSPC:Ch:DSPE-PEG:DSPE-PEG-Biotin:DSPE-PEG-Mal at 2:1:0.06:0.02:0.02 M ratio. Liposomes were prepared by hydration of the dry lipid film using HEPES buffer, followed by extrusion to the mean diameter of 100 nm, as previously described [24] . Fluorescent liposomes were separated from unenclosed dye using gel filtration (G-25 column) and conjugated with freshly prepared Fab′. Biotinylated liposomes were reacted to the Fab′ or thiolated duramycin immediately after extrusion. For the conjugation reaction, the mixture was kept under argon, at room temperature for 48 h, with continuous stirring. The reaction was stopped by blocking the free maleimide groups with cysteine. Liposomes with conjugated Fab′ were separated from unreacted Fab′ using an S-300 gel filtration column, while liposomes conjugated to duramycin were separated from unreacted peptide using a G-25 column.
Anti-phospholipid ELISA
Different phospholipids were dissolved in n-Hexane (100 μg/ml). 50 μl solution was added to 96-well plates. The solvent was evaporated at RT and the plates were blocked with 10% FBS in HEPES buffer for 2 h at 37°C. Biotinylated liposomes were diluted in the same buffer and incubated on the plates for 2 h, at 37°C, starting with 0.25 mg phospholipid/mg. Because a liposome suspension contains mostly phospholipids and the targeting agent (Fab′ or peptide) represents just a minority of the total mass (~1% protein), the solution was normalized for phospholipid concentration. Biotinylated annexin A5 was diluted in the same buffer, supplemented with 5 mM CaCl 2 , at an initial concentration of 10 μg/ml, and incubated for 2 h at 37°C. After washing, both biotinylated liposomes and biotinylated annexin A5 were detected using HRP-conjugated streptavidin (1:2000 dilution in the same buffer) followed by ODP developing reagent. The plates were read at 490 nm using a microplate reader, 7525 Microplate Reader, Cambridge Technology, Lexington, (MA). The binding curve of bavituximab and duramycin liposomes to each of the phospholipids was plotted after subtracting the background signal obtained using control liposomes.
Induction and detection of APLs and PE on endothelial cells
ABAE cells were plated on glass bottom dishes (35 mm) at a density of 80.000/dish, and maintained in DMEM supplemented with 10% FBS, 1 mM Na pyruvate, nonessential aminoacids, and 2-mM L-glutamine. The cells were γ-irradiated with 5 Gy. For the quantification of the staining intensity, non-irradiated and irradiated cells were stained 24 h later using APLs or PE detecting liposomes. The liposomes were filled with pyranine and conjugated to Fab′ of bavituximab or to duramycin, for detection of APLs and PE, respectively. The cells were imaged using a TE2000-U Nikon inverted microscope, equipped with a 10x objective and a Roper Scientific ccd camera. The images were analyzed using Image J software. For each image, the integrated intensity value was normalized for the number of cells.
For double staining, z-sectioning and 3d reconstruction, the cells were stained at 24 h after irradiation. For APLs we used one step labeling with pyranine filled liposomes conjugated with Fab′ of bavituximab. For PE we used a two step staining method, with biotinylated liposomes conjugated to duramycin and secondary detection with Alexa Fluor 495-conjugated streptavidin. The cells were imaged using Applied Precision Deltavision RT deconvolution microscope, equipped with Olympus, oil immersion 40× and 60× objectives. The images were processed using Imaris software (Bitplane Inc.).
Induction and detection of APLs and PE on myeloma cells
NS0, mouse myeloma cells were maintained in the same medium as ABAE cells and irradiated with 5 Gy. At various time points later, the cells were harvested by tapping the flask. Cells were stained with pyranine filled liposomes for APLs and biotinylated liposomes for PE, with Alexa Fluor 700-conjugated streptavidin as a secondary detection. Dead cell nuclei were stained using propidium iodide. The cells were analyzed using BD LSR II flow cytometer (BD Biosciences). Pyranine was detected on FL4 channel (excitation: Violet (405), Emission: 515/20) while Alexa Fluor 700 was detected on FL11 (excitation: Red (625), Emission: 730/45) and propidium iodide on FL2 (excitation: Blue (488), emission: 675/40. The data was analyzed using FlowJo software (Tree Star, Inc.).
Results

Bavituximab and duramycin probes discriminate between APLs and PE, respectively
The binding spectrum of biotinylated bavituximab liposomes, duramycin liposomes, and annexin A5 was determined on purified phospholipids in ELISA. Bavituximab liposomes bound to PS and PI, but not to PE, PC, or SM [ Fig. 1A ]. Duramycin liposomes bound only to PE, but not to PS, PI, PC, or SM [ Fig. 1B ]. Annexin A5 bound to PS, PI and also to PE, but not to PC or SM [Fig. 1C ]. The bavituximab and duramycinconjugated liposomes thus retained the same binding specificity as the unconjugated ligands and provide a tool for mutually exclusive detection of APLs and PE.
APLs and PE gradually become exposed on the surface of irradiated cells
Pyranine filled liposomes were used to detect APLs and PE exposure on the surface of adherent ABAE cells after irradiation (5 Gy). Non-irradiated adherent ABAE cells showed no detectable surface staining for either APLs or PE [ Fig. 2A ], apart from the occasional disintegrating cells. Irradiation (5 Gy) induced exposure of APLs and PE on approximately 50% of the cells; Fig. 2A shows representative images. The fluorescence intensity of the entire cell population was quantified by Image J software and normalized for the number of cells in each field. Irradiation increased the level of staining for APLs and PE by about 4 fold relative to the levels on non-irradiated cells [Fig. 2B ]. The control liposomes did not produce detectable staining under any conditions (data not shown).
Using flow cytometry, the semiadherent cell line, mouse myeloma NS0, was assessed for APLs and PE exposure after irradiation. Having low adherence, the cells do not require trypsinization, which can change the cell shape and possibly influence the plasma membrane organization. APLs were detected with pyranine filled bavituximab liposomes, while a two step staining with biotinylated duramycin liposomes and Alexa 700-conjugated streptavidin was used to detect PE. Propidium iodide permeable cells were excluded from the quantification. NS0 cells showed increases in both APLs and PE staining after irradiation [ Fig. 3 ]. The majority of the cells shifted from being negative for both markers to being positive for both markers. Cells that were positive for APLs, but not for PE and vice versa were rarely observed. Cells stained with control liposomes had only background levels of staining in all conditions [Fig. 3A , insets]. To obtain further evidence that cells have coincident exposure of APLs and PE, we gated NS0 cells for low APLs, medium APLs, or high APLs and we found that the gated populations had low PE, medium PE, and high PE, respectively [ Fig. 3B ]. This finding indicates that the level of externalization of the two types of phospholipids on the cell surface follows similar trends.
To determine the time course of APLs and PE exposure, NS0 cells were irradiated and stained for both markers at various time points Fig. 3 . APLs and PE are exposed on the surface of myeloma cells after irradiation. Mouse myeloma cells (NS0) were double stained for APLs and PE using fluorescent and biotinylated liposomes and analyzed by flow cytometry. Propidium iodide positive cells were excluded from the data analysis. A) The dot-plot representation of non-irradiated and irradiated NS0 cells shows that after irradiation cells become double positive for PS and PE. The insets show that non-irradiated and irradiated cells stained with control liposomes have background levels of fluorescence. B) Cells were gated for low, medium, or high APLs (blue, green, and red) and each subgroup was analyzed for PE intensity. Cells with low APLs also have low PE, cells with medium APLs have medium PE, while and cells with high APLs have high PE.
over a 48 h period. After irradiation, the cells shifted slowly from being double negative toward being double positive [Fig. 4A ]. The percentage of APLs and PE positive cells and the mean fluorescence intensity (MFI) started to increase after 4-5 h, reached a transient plateau around 16 h and further increased at 48 h [ Fig. 4A and B] . These findings indicate that APLs and PE gradually accumulate on the cell surface after irradiation. The levels of both markers increase coincidentally over time.
APLs and PE are colocalized on cell membrane patches and blebs
The spatial distribution of APLs and PE on the surface of individual irradiated cells was analyzed by double staining live irradiated ABAE cells and imaging them using a deconvolution microscope. APLs and PE were not expressed uniformly on the cell surface. The positive cells displayed discrete areas with strong intensity. Some were small scattered punctate areas, but most of the staining was clustered into larger patches with high colocalization of both APLs and PE [ Fig. 5A and Supplemental movie]. These larger areas had the appearance of membrane blebs where regions of the plasma membrane had escaped anchorage from the cytoskeleton and appear to be protruding outside the cell [ Fig. 5A and higher magnification in 5B]. Clusters of blebs were frequently observed on the cell surface.
We confirmed the pattern of appearance of APLs and PE on the cell surface by reproducing the image pattern with a different staining method. Irradiated ABAE cells were stained with fluorescent annexin A5, followed by fixation. The cells were visualized with the same deconvolution microscope used for imaging the live cells stained with the liposomes. Annexin A5 staining shows a similar morphological appearance, with blebs distributed on the cell surface [ Fig. 6 ].
Maintenance of APLs and PE colocalization over time
The evolution of the staining pattern was observed for up to 10 h. The cells were stained and imaged over several hours without restaining [ Fig. 5A ]. APLs and PE remained colocalized even when the positive areas moved around on the cell surface, as the cells change their position and shape on the chamber slide. The positive areas typically gathered toward the periphery of the cell. We repeatedly observed that membrane blebs were left behind the cell bodies as the cells advanced on the culture dish. Often, the blebs remained attached Fig. 4 . Time course of APL and PE exposure on the surface of irradiated myeloma cells. NS0 cells were cytofluorimetrically analyzed for APLs and PE exposure at various times after irradiation. A) Dot-plot representation of the propidium iodide negative cells. After irradiation, the percentage of the cells positive for both markers gradually increases. B) MFI for APL and PE staining is expressed as a fold increase of that on non-irradiated cells. Significant APL and PE exposure is seen at 4 h and progressively increases up to 48 h after irradiation. to the cell by thin strands of membrane [Fig. 5A, 28 and 32 h] . These findings suggest that APLs and PE exposure are linked as part of the same cellular process.
Discussion
The major finding of this study is that APLs and PE are coincidentally externalized on the surface of irradiated cells. The externalization of the two types of phospholipids occurs at the same time, with a similar increase in their staining intensity, and on the same areas of the cell membrane.
Bavituximab-coated liposomes and duramycin-coated liposomes were used to demonstrate that APLs and PE become exposed on the surface of adherent ABAE cells and semiadherent NS0 cells after irradiation. These liposomes allow the separate detection of APLs and PE on the cell surface. Both phospholipid types became detectable on the cell surface 4-5 h after irradiation, and thereafter increased in parallel. The phospholipid detected on the cell surface with bavituximab-coated liposomes is most likely to be PS. PS is the most abundant anionic phospholipid and its exposure on the cell surface is known to be regulated by environmental influences or injury [11, 12] . Bavituximab also has affinity for other anionic phospholipids: PI, phosphatidic acid (PA) and phosphatidyl glycerol (PG) [21] . PA and PG are minor constituents of the plasma membrane and are mostly found in the membranes of the intracellular organelles [25] . PI is a major component of the inner leaflet of the plasma membrane but its distribution is not known to be disturbed by cell activation or stress factors [26] . We cannot exclude the possibility that PI contributes to the signal detected with bavituximab-coated liposomes. It is possible that PS is removed from the surface by flippases and that PI is more stable at that location. Duramycin-coated liposomes detect only PE on the cell surface.
Irradiation of cells induces the formation of reactive oxygen species which can cause peroxidation of membrane phospholipids and local phase transitions that allow calcium influxes and release of calcium from intracellular stores [27, 28] . Additionally, irradiation causes activation of acidic sphingomyelinase (ASMase) and the conversion of sphingomyelin into ceramides [29, 30] . Endothelial cells in ASMase −/− mice are resistant to irradiation induced apoptosis, implying that ceramide production may be of particular importance in the radiation response of this cell type [31, 32] . The ceramides have effects on mitochondria, increasing their outer membrane permeability and causing release of cytochrome c, thereby activating the caspase pathway. At the same time, the ER responds to ceramides by releasing calcium into the cytosol [33] . Elevation of intracellular calcium induced either by lipid peroxidation or by ceramide generation could affect several different lipid transport systems that lead to the coincident appearance of PS and PE on the surface of the cells: 1) inhibition of the APTLs, which are the main transport systems for maintaining the segregation of PS and PE on the inner membrane leaflet. Although APTLs have a higher preference for PS than for PE, the transport rate for both of these phospholipids is much higher than for PC, SM, or PI. Inhibition of APTLs may indirectly lead to PS and PE accumulation on the cell surface [5, 34, 35] . 2) Activation of the ABC transporters, which directly transport multiple phospholipids, including PS and PE, to the external leaflet [1, 9, 10] . 3) Activation of the scramblases which causes intermixing of phospholipids between leaflets, thereby exposing PS and PE [2, 3, 8, 36] . It is not clear which of these three mechanisms is prevalent or if all three are present in all cell types. Aside from these Ca 2+ triggered phospholipid transport mechanisms, ceramide accumulation in the plasma membrane may cause lamellar to non-lamellar lipid phase transitions that directly facilitate movement of lipids, including PS and PE, across the membrane. Spontaneous, non-enzymatic PS and PE flipping from the inner leaflet to the outer leaflet occurs very slowly in intact bilayers, but the presence of ceramides disrupts the bilayer and accelerates lipid movement across the membrane [37, 38] .
APLs and PE became exposed non-uniformly on the surface of irradiated cells long before nuclear condensation and fragmentation became visible. 24 h after irradiation, a fine dynamic array of APLs and PE positive patches was visible, some of which consolidated into larger, intensely stained blebs. The blebs on the surface of endothelial cells occupied a relatively small area of the whole cell. Cells with blebs followed for up to 30 h were still intact and moving on the surface of the slide [results not shown]. The formation of blebs on the surface of the cells was not an artifact induced by staining with the multivalent liposomes. An identical staining pattern was obtained by staining with FITC labeled annexin A5, which is monomeric and binds to both APLs and PE.
There is a striking resemblance between the blebs we observed on the live cells and the "intramembranous particles" described by electron microscopy on the surface of ischemic cardiomyocytes, with spacing of the plasma membrane from the cytoskeleton [13] . PS participates in the attachment of the plasma membrane to the cytoskeleton, through its interaction with various actin-binding proteins, including annexins, spectrin, or protein 4.1 [39, 40] . When lipid asymmetry is lost and PS is evenly distributed between the leaflets of the membrane, the cytoskeletal association with the cell membrane is weakened and the cell can no longer maintain its proper shape [41] . Also, blebs form when the membrane phospholipids locally detach from cytoskeleton. Such regions offer a weak point on the cell surface where the intracellular content can herniate outward due to intracellular pressure [42, 43] . Without local cytoskeletal reinforcement the cell has difficulty controlling patches of plasma membrane with inverted phospholipids. Therefore, the blebs slide on the cell surface and remain toward the rear of the cell, relative to its direction of movement.
